Temperature in degree Fahrenheit (°F) may be converted to degree Celsius (°C) by using the following equation:°C = 5/9 (°F-32)
The following terms and abbreviations also are used in this report: 
LOCAL WELL-NUMBERING SYSTEM
The well locations (local well number) in tables 1 and 2 (in the "Sampling Network" section) are based on the U.S. Bureau of Land Management system of land subdivision and show the location of the well by quadrant, township, range, section, and position within the section. A graphic illustration of this method of well location is shown in the following unnumbered figure. The first letter "S" preceding the location number means that the well is located in the area governed by the sixth principal meridian. The second letter indicates the quadrant in which the well is located. Four quadrants are formed by the intersection of the base line and the principal meridian A indicates the northeast quadrant, B the northwest, C the southwest, and D the southeast. The first three numerals indicate the township, the second three the range, and the remaining two the section in which the well is located. The letters following the section number locate the well within the section. The first letter denotes the quarter section, the second the quarter-quarter section. The letters are assigned within the section in a counter-clockwise direction, beginning with (A) in the northeast quarter. Letters are assigned within each quarter section and within each quarter-quarter section in the same manner. Where two or more locations are within the smallest subdivision, consecutive numbers beginning with 1 are added in the order in which the wells were inventoried. For example, SC00304921CCB indicates a well in the northwest quarter of the southwest quarter of the southwest quarter of sec. 21, T. 3 S., R. 49 W. The "C" indicates the township is south of the base line and that the range is west of the principal meridian. By Neville G. Gaggiani

Abstract
About one-third of the municipal sewage sludge produced in the United States is used as a source of organic matter, nitrogen, phosphorus, and other nutrients for crop production in agricultural areas. The Metro Wastewater Reclamation District applies sewage sludge on selected agricultural land as part of its beneficial-reuse program. From fall 1985 From fall through 1989 ,431 dry tons of anaerobically digested sewage sludge were applied on about 1 square mile of sandy farmland near Platteville, Colorado. The sludge, which was injected or plowed about 6 10 inches into the soil, commonly is about 17 percent solids and has about 6 percent total nitrogen, analyzed by total kjeldahl nitrogen method, primarily in complex organic compounds. Data collected during 1985 89 were used to determine the rate and direction of groundwater flow and the effects of sewage sludge and other fertilizers on the quality of sediments in the unsaturated zone and ground water.
Ground water in the surficial aquifer in section 16 (T. 3 N., R. 66 W., Sixth Principal Meridian) generally moves northeastward at a velocity of about 0.01 foot per day (3 feet per year). Precipitation and irrigation water reaching the ground surface in section 16 infiltrates into the sandy soil and collects in temporary ponds. There is little or no runoff. Most water that infiltrates into the soil evaporates or is transpired by crops. The remaining water, if any, continues to move down to the saturated zone and recharges the surficial aquifer. Generally, there is little recharge by precipitation to the aquifer in this semiarid area. However, where irrigation water is applied or the water table is close to the surface, the surficial aquifer is recharged.
Nitrogen concentrations generally increased and trace-element concentrations changed minimally in the unsaturated zone in the irrigated part of section 16 after 4 years of applying sewage sludge and other fertilizers to the soil. Analyses of water samples from multilevel ground-water sampling devices indicate that nitrite plus nitrate as nitrogen concentrations changed with depth and time in the surficial aquifer. Most nitrogen probably moves vertically downward through the unsaturated zone with the water that infiltrates from irrigated areas and low, temporarily ponded areas. The nitrogen then moves laterally through the saturated zone. Trace elements probably have not moved into the ground water from the sewage sludge.
Mean nitrite plus nitrate as nitrogen concentrations in the surficial aquifer increased during the period of sewage-sludge application. However, the addition of commercial inorganic fertilizer during this period could have caused at least some of this increase. Areas having the largest concentrations of nitrite plus nitrate as nitrogen were in the northeastern and southwestern quarters of section 16.
INTRODUCTION
About 1.3 million dry tons, or 31 percent of the treated municipal sewage sludge produced in the United States in 1979, was applied to farmland as a source of organic matter, nitrogen, phosphorus, and other nutrients for crop production (U.S. Environmental Protection Agency, 1979, p. 18-2) . Through this process, nutrients are recycled rather than wasted, and Abstract 1 the need for commercially produced inorganic fertilizers is decreased. The Metro Wastewater Reclamation District (MWRD) in Denver, Colo., applies sewage sludge on selected agricultural land as part Of its beneficial-reuse program. In addition to nutrients, sewage sludge also may contain trace elements that are harmful if allowed to leach into ground water used as a water supply for humans or animals (U.S. Environmental Protection Agency, 1983, p. 2-5) . If the application of sludge is not managed properly, nutrients such as nitrate and trace elements such as cadmium and zinc could migrate into ground water and reach concentrations larger than recommended limits for drinking water. Because nitrite concentrations generally are less than the detection limit, the term nitrite plus nitrate as nitrogen will be referred to as nitrate in this report.
In 1985, the U.S. Geological Survey and the MWRD began a cooperative study of the effects on ground water of applying anaerobically digested sewage sludge at agronomic rates on about 1 mi2 of sandy farmland near Platteville, Colo. ( fig. 1 ). The objectives of this study were to determine (1) the rate, volume, and direction of ground-water flow, and (2) the effects of fertilizers such as sewage sludge, cattle and chicken manure, and inorganic fertilizer on chemical quality of sediments in the unsaturated zone and ground water.
Purpose and Scope
This report describes ground-water flow and the effects of the application of municipal sewage sludge, cattle and chicken manure, and commercial inorganic fertilizer on chemical quality of sediments in the unsaturated zone and on ground-water quality in the study area. The farmland near Platteville was chosen because it is underlain by an isolated sand aquifer. The sandy soil would enable water that had leached through sewage sludge and other fertilizers to move rapidly into the aquifer.
Monitoring wells (19 observation wells) in the surficial and bedrock aquifers were sampled for chemical analyses before and during the irrigation season each year. Also, water from several depths in the surficial aquifer was sampled for chemical analyses from four multilevel ground-water sampling devices. Water levels in the monitoring wells were measured monthly to determine water-level changes and to determine the direction of ground-water flow. Rainfall and snowfall were recorded by use of a recording precipitation gage. Sediment samples were obtained from several depths at five sites in the unsaturated zone for chemical analyses before and after the sludge was applied so that chemical changes could be determined. Wells were located so the effects on irrigated and nonirrigated farmland could be monitored. Water-quality samples were obtained from the monitoring wells before and after sludge was applied to the farmland. Soil moisture periodically was measured using three soil-moisture tubes in the unsaturated zone of the surficial aquifer, so that vertical movement of water could be monitored. Data were collected from 1985 through 1989. These data were used to determine the effects of sewage sludge, other organic fertilizers, and inorganic fertilizers on ground-water quality.
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DESCRIPTION OF STUDY AREA
The study area is in an agricultural area of the South Platte River valley about 35 mi northeast of Denver and about 2 mi east of Platteville ( fig. 1 ). Sections 9 and 16 and parts of sections 8, 10, 15, and 17, T. 3 N., R. 66 W., Sixth Principal Meridian are within the study area.
The study area is characterized by low rolling hills and some sand dunes. The few trees, mostly cottonwood, grow in low spots where the water table is shallow enough for their roots to reach water and near the irrigation canals where there is water seepage during the summer. Crops are not grown in the low spots because water that collects in them creates temporary ponds or waterlogged soil. Cottonwoods have been removed from some of the low spots where only ponds or low, wet spots remain.
The farmland in section 16 received sewage sludge and other fertilizers. Farmland in sections 8,9, 10,15, and 17, which adjoin section 16, did not receive sewage sludge. Farming operations in the adjoining sections used mainly commercial inorganic fertilizers.
Climate
The study area is in the semiarid Great Plains of northeastern Colorado. The climate of the study area is semiarid; mean annual evaporation ranges from 50 to 60 in. and exceeds the mean annual precipitation of 12.6 in. (Hansen and others, 1978) . The nearest weather station to the study area was at Ft. Lupton, which is about 10 mi south of the study area. During 1938 74, the minimum annual precipitation was 6.7 in., the maximum annual precipitation was 19.5 in., 
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and the mean annual precipitation was 12.6 in. (Hansen and others, 1978) . The prevailing surface wind is from the south, and the temperature ranged from a maximum of 105°F in summer to a minimum of minus 37°F in winter. Precipitation records at Ft. Lupton indicate that 9.3 in. of the 12.6 in. mean annual precipitation was rainfall from April through September. The remainder of the precipitation was snowfall from October through May (Hansen and others, 1978) . The mean annual snowfall depth at Ft. Lupton was 36.3 in.
Annual precipitation recorded in the study area ranged from 9. 1 in. (1988) to 12.5 in. (1987) (fig. 2) . The 1986-88 maximum annual precipitation of 12.5 in. in the study area was almost equal to the mean annual precipitation of 12.6 in. at the Ft. Lupton weather station. Most of the precipitation during the study period occurred during the second and third quarters (April through September) of each year ( fig. 2 ). There were no precipitation data for the first two quarters of 1985 and the last quarter of 1989. 
Geology
The study area is about 50 mi east of the Continental Divide in the Great Plains and overlies the sedimentary bedrock of the Denver-Cheyenne Basin. Bedrock in the study area is the Laramie Formation, which is one of the formations in the basin that contains coal and lignite deposits (Gaggiani and others, 1987) .
Geology in the study area includes eolian and alluvial deposits and the bedrock Laramie Formation ( fig. 3 ). Eolian deposits of sand or silt (loess) are present at the surface of most of the area and are underlain in some places by alluvial deposits. Bedrock crops out in several places but mostly underlies the alluvial or eolian deposits.
The fine to coarse eolian sand contains silt in places and ranges from grayish-yellow to grayishorange. Soister (1965) indicates that the eolian sand probably was carried by the wind from the upper, finegrained part of the alluvial valley fill about 7 mi northwest of the study area. Loess in the study area is pale yellowish-brown to grayish-orange and consists of sandy and clayey silt and some silty fine sand; locally, the loess may contain some pebbles or small cobbles. Pebbles and small cobbles probably are colluvial and are derived locally from older alluvial deposits. Soister (1965) also indicates that the loess probably is present below the eolian sand.
Lithologic logs of the eolian deposits in section 16 indicate that clay is present in most of the sand aquifer (figs. 4 and 5) . The quantity of clay generally increases with depth. The thickness of the eolian deposits increases to the north and ranges from about 5 ft at well 1 to more than 20 ft at well 14 ( fig. 4 ). The thickness of the eolian deposits generally increases to the east and ranges from about 15 ft at well 9 to about 45 ft at well 6 (fig. 4) .
Alluvial deposits are present in the study area only in sections 8, 9, and 10 ( fig. 3 ). The deposits are grayish-yellow to grayish-orange and consist of sand and silt and contain some clay, scattered pebbles, and gravel lenses. Well 16 probably is completed at the edge of the alluvial aquifer. The eolian deposits overlie the alluvial deposits at or near the edge of section 16. These two deposits form the surficial aquifer discussed in this report.
Bedrock is the Laramie Formation and generally consists of shale and very fine-to medium-grained calcareous sandstone, siltstone, clay, carbonaceous shale, and coal in evenly stratified beds commonly 1 to a few feet thick (Soister, 1965) . The Laramie Formation crops out in parts of all sections in the study area except for section 9 ( fig. 3 ).
The surface of the bedrock in section 16 slopes generally to the northeast ( fig. 5 ). Bedrock is exposed at the surface in a small area in the southern part of section 16 and a small area at the northwestern boundary. The narrow depression in the bedrock surface in the northeastern quarter of the section may be the remnant of a paleochannel.
Soils
Soils in the study area are part of a region of sands to clay loams that are moderately to well drained and are present south of the South Platte River in northeastern Colorado (Crabb, 1980) . These soils formed in eolian deposits and in mixed alluvium and eolian deposits.
There are three types of sandy soils in section 16 ( fig. 6 ). Soils in the northern half of section 16 are predominantly Valent sand and Vona loamy sand; permeability is rapid (6.0 to 20 in/h) to moderately rapid (2.0 to 6.0 in/h), and the thickness of the surface layer of soil ranges from 6 to 12 in. Soils in the southern half of section 16 are predominantly Olney loamy sand, 1 to 3 percent slope; permeability is moderate (0.6 to 2.0 in/h), and the thickness of the surface layer of the soil ranges from 9 to 12 in. (Crabb, 1980) . Runoff from these soils is minimal because the slope of the land surface is less than 9 percent, and precipitation readily infiltrates the sandy soil.
Agricultural Practices
The study area is located on benchland outside the flood plain of the South Platte River. After irrigation canals were built in the late 1800's, the benchland was cultivated, and wheat, potatoes, barley, corn, oats, and alfalfa were grown (Boyd, 1890) . Currently (1992), nonirrigated and irrigated crops are grown in the area. Section 16 has been farmed by the present owner since the late 1960's.
Land Use
The sandy soil of the study area is used for nonirrigated and irrigated agriculture ( fig. 7 ). Locations of crops grown in section 16 during 1985 89 are shown in figure 8 . Nonirrigated wheat, fertilized only with sewage sludge, was grown in the northern half of section 16 throughout the study period. Irrigated corn, fertilized with sewage sludge and anhydrous ammonia during the study period, was grown in most of the southern half of the section. Part of the area irrigated 
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by the center-pivot sprinkler was used to grow crops other than com. Alfalfa was grown in the part of the southeastern quarter of section 16 that was not cultivated or irrigated ( fig. 8 ).
Nonirrigated and irrigated crops have different growing seasons. Nonirrigated wheat is planted in fall and harvested in summer. Corn is planted in spring and harvested in late summer. The area in the southeastern quarter of section 16 between the irrigated com and the wheat is not tilled, fertilized, or irrigated. Alfalfa grown in this area is harvested two or more times per year for hay.
During the winter, when no crops are grown, cattle are kept in parts of section 16. The stubble of the com and wheat fields provide feed, and the small ponds in the south-central part of section 16 provide water.
Water Use
Precipitation is the source of water for wheat and alfalfa, and a nearby irrigation canal is a source of water for com and other irrigated crops ( fig. 8 ).
Ground water in the surficial aquifer in section 16 cannot be pumped in enough quantity to be used for irrigation.
Irrigation water in the nearby irrigation canal comes from the South Plane River and is stored in a small reservoir near the southwestern comer of section 16 (figs. 7 and 8). Center-pivot-sprinkler irrigation is used in the southwestern quarter of the section ( fig. 9) . Water for the center-pivot sprinkler is supplied by an underground pipeline from the small reservoir ( fig. 8 ). The flood-irrigated area in the southeastem comer of section 16 is supplied water by a small concrete-lined irrigation canal (figs. 8 and 9).
Fertilizer Use
Fertilizers used on irrigated crops in section 16 before sewage-sludge application were anhydrous ammonia and cattle and chicken manure (Ray Olin, oral commun., 1987) . For about 20 years before sewage-sludge application, the yearly quantity of fertilizer applied to section 16 was about 150 Ib nitrogen, 50 Ib phosphorus, and 20 Ib potassium per acre on the irrigated areas. An undetermined quantity of nitrogen fertilizer in pellet form occasionally was used on nonirrigated wheat.
Sewage sludge was the major source of fertilization for section 16 beginning in fall 1985 to the end of the study period. Anhydrous ammonia was applied from 1987 to 1989 in addition to the sewage sludge. The anhydrous ammonia was applied directly to the soil or mixed with the irrigation water. The other farms in the sections surrounding section 16 did not use sewage sludge as a fertilizer.
The application of sewage sludge on selected farms involves fertilization of crops at agronomic rates. The agronomic rate of sewage application, which varies with the crop, is intended to provide only enough nutrients for the crop, thus minimizing the potential for leaching to ground water. Nitrogen in the sludge primarily is in the form of organic nitrogen and ammonia. The 6-to 10-in. injection depth enables aerobic conditions to dominate, and bio-oxidation of organic nitrogen compounds and ammonia to nitrate can be expected.
Beginning in fall 1985 through 1989, MWRD applied 6,431 dry tons of sewage sludge to section 16 (William Martin, Metro Wastewater Reclamation District, written commun., 1988, and oral commun., 1990) . Sewage sludge was applied in the spring and sometimes in the fall on the southeastern and southwestern quarters of section 16. Sewage sludge was applied on the northern half of section 16 in late summer or fall, before winter wheat was planted.
During 1985-86, the method that was used to incorporate the sewage sludge into the soil was injection of liquid sludge about 6 to 10 in. into the soil by using a Terragator ( fig. 10 ). The liquid sludge was transported by tanker truck and transferred to the Terragator ( fig. 10) . Sludge with about 17 percent total solids and about 6 percent total kjeldahl nitrogen, which is referred to as sludge cake, was applied during 1987 89. Constituents commonly present in sewage sludge applied by MWRD to section 16 are nitrogen, phosphorus, potassium, cadmium, copper, lead, nickel, and zinc (William Martin, Metro Wastewater Reclamation District, written commun., 1988) . Zinc is the trace element present in the largest concentration. The sludge cake was transported by large dump trucks and was applied directly to the soil and plowed in. A dark strip of farmland in the irrigated southwestern quarter of section 16 indicates where sewage sludge is being spread on the surface (fig. 11 ).
SAMPLING NETWORK
The ground-water sampling network consisted of 19 observation wells and 5 multilevel ground-watersampling devices (MLGWSD) ( fig. 12 and tables 1  and 2 ). The MLGWSD is described in Johncox and Gaggiani (1991) . Well 3 was destroyed by farming operations in 1985. A water-level measurement was made before the well was destroyed, but no water samples for chemical analyses were obtained from well 3. Observation wells used during this study included 15 U.S. Geological Survey-installed surficial aquifer wells in section 16; 1 surficial-aquifer irrigation Aquifer sampled
' System of numbering wells is described in "Local Well-Numbering System" section.
2 No water-quality samples collected from site 3 because well was destroyed, 'irrigation well. 4 Domestic well. Sampling depths (feet below land surface) 20, 25, 30, 34 11, 16,21,25 11, 16,21,25 22, 27, 32, 36 5, 10, 15, 19 Aquifer sampled
System of numbering wells is described in "Local Well-Numbering System" section.
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well in section 9; and 3 bedrock domestic-use wells in sections 8, 9, and 17.
Three soil-moisture tubes and a precipitation station also were installed in the study area ( fig. 12) . The 2-in. aluminum soil-moisture tubes were 10-ft deep. A neutron soil-moisture probe was inserted into these tubes to measure the water content of the unsaturated zone. The precipitation station consisted of a weighing-bucket gage that recorded rain and snow volumes and a tipping-bucket gage that recorded only rainfall volumes.
Samples from eolian deposits consisting of sand, silt, clay, and associated moisture were obtained for chemical analyses from several depths at five locations in the unsaturated zone. Locations of the unsaturatedzone sampling sites are shown in figure 13 and listed in table 3. One unsaturated-zone site (UZ 1) was sampled in 1985 and in 1988; the other four sites were sampled only in 1988. The sampling network and methods used for sampling the unsaturated zone and surficial aquifer are described in detail in Johncox and Gaggiani (1991) . 
GROUND-WATER FLOW
Precipitation or irrigation water reaching the land surface in section 16 infiltrates into the sandy soil and collects in temporary ponds. There is little or no runoff. Most water that infiltrates into the soil evaporates and is transpired by crops. The remaining water, if any, continues to move down to the saturated zone and recharges the aquifer. Generally, there is little recharge to the aquifer by precipitation in this semiarid area. However, where irrigation water is applied or the water table is close to the surface, the aquifer is recharged. Water levels in observation wells, soilmoisture measurements, precipitation quantities, and physical properties of soil cores were used to describe the movement of water through the unsaturated zone and surficial aquifer.
Unsaturated Zone
Data from the soil-moisture tubes ( fig. 14) indicate that the moisture content in the unsaturated zone in the irrigated area (soil-moisture tube 1) was larger and varied more with depth and time compared to the moisture content in the unsaturated zone in areas of nonirrigated farming (soil-moisture tubes 2 and 3). There was more water in the irrigated unsaturated zone than in the nonirrigated unsaturated zone because of the additional water applied by the center-pivot sprinkler. The volumetric soil-water content at soil-moisture tube 1 ranged from about 5 to 13 percent by volume at 1 ft below land surface to about 21 to 35 percent by volume at 7 ft below land surface. Soil-moisture tube 2 was located in an area used for growing nonirrigated wheat. The volumetric soil-water content at soil-moisture tube 2 ranged from about 7 to 12 percent by volume at a depth of 1 ft below land surface to about 16 to 27 percent by volume at a depth of 10 ft below land surface; a dryer zone that consistently contained less water than the zones above or below it was detected at a depth of 6 ft below land surface. The volumetric soil-water content at soil-moisture tube 3, also located in an area used for growing nonirrigated wheat, ranged from about 4 to 8 percent by volume at 1 ft below land surface to about 16 to 26 percent by volume at 10 ft below land surface. At soil-moisture tube 3, there was little variation in water content to a depth of 8 ft below land surface. Water content in the unsaturated zone was largest during October 1987 at all measured soil-moisture sites ( fig. 14) .
The water balance in the unsaturated zone of section 16 was estimated by using the following equation:
Precipitation + Irrigation = Change in water storage + Evapotranspiration + Percolation (1) Precipitation (9.1 in.) and irrigation water (24 in.) were applied to the land surface during 1988. The amount of irrigation water applied was calculated using time of pumping and measured flow rate. Evapotranspiration (29 in.) was estimated by using the Blaney-Criddle method for estimating evapotranspiration (Sellers, 1965) . Temperature data were from a weather station in Greeley (National Oceanic and Atmospheric Administration, 1988). Healy and others (1989) , after monitoring water content of the unsaturated zone at a site weekly to biweekly for 2 years, concluded that the annual change in storage in the unsaturated zone over a 1-year period was negligibly small. During Healy's study, the moisture content in the unsaturated zone varied directly with precipitation OCTOBER 7, 1987 MARCH 21, 1988 JULY 20, 1988 AUGUST 5, 1988 SEPTEMBER 12, 1988 OCTOBER 19, 1988 NOVEMBER 10, 1988 and evapotranspiration, and the variations were noticeably different between the 2 years. Therefore, at Platteville, annual change in water storage is assumed to be zero (Healy and others, 1989) . During 1988, about 4 in. of water was calculated to infiltrate to the aquifer through the unsaturated zone in the irrigated southwestern quarter of section 16. The quantity of recharge to the aquifer was determined by solving equation (1) using the other known quantities for percolation. Most of the precipitation and irrigation and all of the estimated evapotranspiration occur from the beginning of May to the end of September (fig. 15 ).
Saturated Zone
Ground water in the surficial aquifer in section 16 generally flows to the northeast ( fig. 16 ). Ponds were dug south of the center of section 16 so that water from ground-water seepage could be used by cattle during the winter. Occasional seepage of water to the land surface from the surficial aquifer occurs at places in section 16 where the water table is above the land surface ( fig. 16 ). The occasionally wet or flooded areas are indicated in figure 8 . Water-table contours in the northeastern quarter of section 16 indicate that there may be ground-water flow from the surficial aquifer outside of section 16 into the northeastern corner of section 16.
The saturated thickness of the surficial aquifer in August 1987 ranged from less than 5 ft near the southern, eastern, and western boundaries of section 16 to more than 20 ft near well 6 ( fig. 17) . Generally, the saturated thickness was less than 10 ft in most of the southern one-third of section 16 and increased to more than 10 ft in most of the northern two-thirds. The saturated thickness was largest in the north-central and northeastern parts of section 16.
Analysis of precipitation records and water-level hydrographs for selected observation wells ( fig. 18) indicates that precipitation and other factors affected ground-water levels in section 16. Water levels rose in wells 2 and 7 shortly after some periods of intense precipitation ( fig. 18) indicating that recharge can increase as a result of increased precipitation. For example, 1.25 in. of rainfall on April 1 and 2 was followed by a rise in water levels on April 14 at wells 2 and 7. The steady rise in water levels in some wells during the winter probably was caused by slow melting of the snowpack. The rise in water level through most of the study period in well 4 probably was caused by recharge from the center-pivot sprinkler. The water level in well 12 fluctuated about 7 to 10 ft each year because of intermittent pumping of nearby irrigation wells. Well 14 showed the smallest water-level variation, probably because the water level was not affected by irrigation or ground-water pumping, and evapotranspiration and recharge had less effect than in areas where the water table was closer to the land surface.
The velocity of ground-water flow is calculated from the following equation (Lohman, 1972, p. 10) :
where v K dh/dl 0 = velocity, in ft/d; = hydraulic conductivity, in ft/d; = the hydraulic gradient, in ft/ft; and = porosity, expressed as a decimal.
Hydraulic conductivity and porosity of the surficial aquifer were determined from core samples and well logs. Hydraulic-conductivity values from core samples ranged from about 0.0002 to 0.14 ft/d. The smallest hydraulic-conductivity value was from the nearly impermeable clay at the bottom of the surficial aquifer, and the largest value was from the lower part of the surficial aquifer above the clay layer. Hydraulic conductivity of 0.14 ft/d is used because this is most representative of the saturated zone of the surficial aquifer. This value is within the range reported by the U.S. Department of the Interior (1981, p. 29), which indicates that hydraulic-conductivity values for a mixture of sand, silt, and clay range from about 0.0005 to 0.5 ft/d. Porosity of the surficial aquifer (34 percent) was calculated from the mean dry density reported from analysis of core samples and the mean density of quartz and clay minerals. The gradient of the water table (0.017 ft/ft) was determined using the 4,940-ft and the 4,830-ft water-table contours during August 1987 ( fig. 16 ). The equation yields a lateral velocity of ground-water flow in section 16 of about 0.01 ft/d (about 3.6 ft/yr).
CHEMICAL QUALITY OF SEDIMENTS IN THE UNSATURATED ZONE AND WATER IN THE SURFICIAL AND BEDROCK AQUIFERS
Samples for chemical analyses were collected from eolian deposits at selected depths in the unsaturated zone and from water in the surficial aquifer. Chemical analyses of samples obtained from the unsaturated zone are listed in table 4. Chemical analyses of water samples obtained from the surficial aquifer are listed in Johncox and Gaggiani (1991) . -16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 11-16-88 Cobalt, total recoverable (ug/g as Co) Samples of eolian deposits collected from the unsaturated zone at sampling site UZ 1 ( fig. 14) in April 1985, before the application of sewage sludge, were analyzed for nutrients and trace elements (table 4). Most of the nitrogen detected in the unsaturated zone in 1985 was in the form of ammonia plus organic nitrogen ( fig. 19) . Nitrate was detected in the unsaturated zone but at concentrations substantially less than the concentrations of ammonia plus organic nitrogen. Concentrations of ammonia plus organic nitrogen at UZ-1 in 1985 decreased from 340 mg/kg at a depth of 1.5 ft to less than 20 mg/kg at a depth of 5.5 ft ( fig. 19 and table 4) . The location of site UZ-1 was under the center-pivot sprinkler. Anhydrous ammonia had been applied to the soil and mixed with the irrigation water in the sprinkler during farming activities.
The largest concentrations of iron, chromium, and manganese were detected in the eolian deposits in the unsaturated zone in 1985 at UZ 1 (table 4). Concentrations of chromium ranged from 140 (ag/g at 3.5 ft to 170 jag/g at 1.5 ft; concentrations of iron ranged from 3,300 jag/g at 5.5 ft to 4,700 |ag/g at 1.5 ft; and concentrations of manganese ranged from 70 (ag/g at 5.5 ft to 110 jag/g at 1.5 ft. The toxic trace elements arsenic, cadmium, lead, and mercury were near or less than detection limits.
Ground water in the surficial aquifer in section 16, before application of sewage sludge, contained large concentrations of calcium, magnesium, sodium, sulfate, and dissolved solids (Johncox and Gaggiani, 1991) . Concentrations of hardness as calcium carbonate ranged from 260 mg/L in well 6 to 3,900 mg/L in well 10; concentrations of dissolved solids ranged from 701 mg/L in well 14 to 12,100 mg/L in well 10. The predominant ions in the surficial aquifer were sodium and sulfate. Concentrations of sodium ranged from 89 mg/L in well 14 to 2,500 mg/L in well 10. Concentrations of sulfate ranged from 180 mg/L in well 4 to 7,000 mg/L in well 10. Well 10 was installed near a natural gas well.
Nitrate concentrations exceeded the 10 mg/L recommended limit for drinking water (U.S. Environmental Protection Agency, 1976) in 9 of the 14 surficial-aquifer wells sampled. Nitrate concentrations ranged from 0.36 mg/L in well 1 to 33 mg/L in well 6. Well 1 probably was not affected by fertilizers because it was upgradient from the fertilized area in section 16 and downgradient from nonirrigated wheat cultivated south of section 16. Wells 1 and 2 probably were not affected by farming activities south of section 16 because the surficial aquifer at the southern boundary of section 16 is thin and occasionally dry so that there is little or no flow from the south. The large concentrations of nitrate in other wells in the surficial aquifer in 1985 probably were caused by application of fertilizer other than sewage sludge to the soil because, according to the land owner, no sewage sludge had been previously applied.
The surficial aquifer in section 16 probably had been affected by fertilizers before sewage sludge was applied. In June 1985,3 months before sewage-sludge application began, nitrate concentrations in water from a large part of the surficial aquifer in section 16 exceeded 10 mg/L. Large nitrate concentrations were detected in parts of the western half and the northeastern quarter of section 16.
Ground water in the bedrock aquifer (sampled from domestic bedrock wells 17,18, and 19) had small concentrations of hardness as calcium carbonate, dissolved solids, and nitrate (Johncox and Gaggiani, 1991) . Prior to the period of sludge application, concentrations of hardness as calcium carbonate ranged During 1985, prior to sewage-sludge application, two bacteria samples were obtained from most observation wells. None of the samples contained fecal-coliform bacteria counts greater than the detection limit, but most samples contained fecalstreptococcal bacteria.
Conditions During Sewage-Sludge Application (1986-89)
Samples of eolian deposits from the unsaturated zone were obtained from the surface and from depths of 1.5, 3.5, and 5.5 1988. Concentrations of ammonia plus organic nitrogen generally decreased with depth at all the unsaturated-zone sampling sites except UZ 2 and UZ-3 ( fig. 19 ), where concentrations generally increased with depth. The largest ammonia plus organic nitrogen concentrations were at and near the land surface at site UZ 1 in the irrigated southwestern quarter of section 16. The smallest concentrations were at depths of 1.5 and 3.5 ft at site UZ-4 in the northeastern quarter of section 16. Nitrate was only a small part of the total nitrogen concentration in the unsaturated zone. Trace elements in the unsaturated zone sampled in 1988 generally were detected near or less than the detection limit except for chromium, copper, iron, and manganese (table 4). Concentrations of chromium at site UZ 1 ranged from 2 ^ig/g at the surface and 5.5 ft to 3 ng/g at 1.5 and 3.5 ft. Concentrations of chromium at the other sites did not exceed 20 ^ig/g. Concentrations of copper ranged from less than 1 ^ig/g at site UZ-2 (1.5 ft) to 10 ng/g at site UZ-1 (surface), site UZ 4 (surface and 3.5 ft), and at site UZ 5 (surface). Concentrations of iron ranged from 1,600 ^ig/g at site UZ-2 (1.5 ft) to 9,700 ng/g at site UZ-4 (surface). Concentrations of manganese ranged from 12 ^ig/g at site UZ-4 (3.5 ft) to 210 ng/g at site UZ-4 (surface).
At site UZ 1 in the unsaturated zone of the irrigated part of section 16, nitrogen concentrations generally increased and trace-element concentrations generally were the same from 1985 to 1988. Ammonia plus organic nitrogen concentrations increased from 1985 to 1988, ranging from less than 20 to 340 mg/kg in 1985 and from 80 to 420 mg/kg in 1988. Nitrate concentrations at 5.5 ft increased from 4.0 mg/kg in 1985 to 26 mg/kg in 1988. Chromium concentrations decreased, ranging from 140 to 170 ^ig/g in 1985 and from 2 to 3 ^ig/g in 1988. Copper concentrations increased slightly; all samples were less than 1 ^ig/g in 1985 and ranged from 4 to 10 ng/g in 1988.
Ground water sampled from the surficial aquifer during the period of sewage-sludge application in section 16 (1986-89) contained large concentrations of calcium, magnesium, sodium, sulfate, and dissolved solids (Johncox and Gaggiani, 1991) . In some areas, nitrate exceeded the 10-mg/L recommended limit for drinking water (U.S. Environmental Protection Agency, 1976). During 1986-89, concentrations of hardness as calcium carbonate ranged from 266 mg/L in well 13 to 4,300 mg/L in well 10; dissolved solids ranged from 714 mg/L in well 14 to 12,300 mg/L in well 10; and nitrate ranged from 0.04 mg/L in well 1 to about 92 mg/L in well 4. The predominant ions were sodium and sulfate. Sodium concentrations ranged from 82 mg/L in well 14 to 2,200 mg/L in well 10. Sulfate concentrations ranged from 140 mg/L in well 13 to 7,200 mg/L in well 10.
Compared to 1985, maximum concentrations of hardness, dissolved solids, sodium, and sulfate in samples obtained from wells in the surficial aquifer during 1986-89 decreased or remained about the same in wells along the southern boundary and the northern half of section 16 and increased in wells in the southwestern quarter and the center of section 16 (Johncox and Gaggiani, 1991) . The increased concentrations could have been caused by irrigation water leaching these constituents out of the soil and into the surficial aquifer.
Lines of equal mean nitrate concentrations show the areal distribution of nitrate in the surficial aquifer in section 16 ( fig. 20) . The largest nitrate concentrations were in the southwestern and northeastern quarters of section 16. The remaining area in section 16 generally contained mean nitrate concentrations of less than 20 mg/L. The southwestern quarter contained an area of mean nitrate concentrations of more than 40 mg/L. One possible source of nitrate is cattle manure that was stored in this area before it was applied to irrigated farmland. Cattle manure was applied to section 16 as part of normal farming activities prior to sewage-sludge application. Large concentrations of nitrate in the northeastern quarter may originate from farming activities outside of section 16. The water-table contours ( fig. 16 ) indicate that there is ground-water flow from the alluvial aquifer outside of section 16 into the northeastern corner of section 16.
Mean nitrate concentrations increased and large nitrate concentrations generally were more widespread in the surficial aquifer during 1986-89 compared to nitrate concentrations before sewage-sludge application in 1985 ( fig. 20) . Mean nitrate concentrations increased about 20 mg/L in the southwestern quarter of section 16 during sewage-sludge application. The area of nitrate concentrations greater than 10 mg/L increased in the western half and decreased in the northeastern quarter of section 16. Organic and inorganic fertilizers probably were the sources of these nitrate concentrations.
Variations in nitrate concentrations with depth and time were measured in water samples from the MLGWSD's in the surficial aquifer (figs. 12 and 21). Nitrate was the predominant form of nitrogen detected at all levels sampled in the surficial aquifer (Johncox and Gaggiani, 1991) . Nitrate concentrations were smallest at sampling site MLGWSD-5 (ranging from 3 to 7.3 mg/L) and largest at MLGWSD-1 (ranging from 9.6 to 24 mg/L). During September 1987 through and Gaggiani (1991) 
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